It has been postulated that partonic orbital angular momentum can lead to a significant doublehelicity dependence in the net transverse momentum of Drell-Yan dileptons produced in longitudinally polarized p+p collisions. Analogous effects are also expected for dijet production. If confirmed by experiment, this hypothesis, which is based on semi-classical arguments, could lead to a new approach for studying the contributions of orbital angular momentum to the proton spin. We report the first measurement of the double-helicity dependence of the dijet transverse momentum in longitudinally polarized p + p collisions at √ s = 200 GeV from data taken by the PHENIX experiment in 2005 and 2006 . The analysis deduces the transverse momentum of the dijet from the widths of the near-and far-side peaks in the azimuthal correlation of the dihadrons. When averaged over the transverse momentum of the triggered particle, the difference of the root-mean-square of the dijet transverse momentum between like-and unlike-helicity collisions is found to be −37 ± 88 stat ± 14 syst MeV/c. 
I. INTRODUCTION
Since the startling 1989 result of the European Muon Collaboration, which revealed that much less of the proton spin is carried by the quark and antiquark spins than previously expected [1] , there has been great interest in the angular momentum structure of the nucleon. Subsequent deep-inelastic scattering experiments have confirmed that only ∼20-30% of the proton spin is due to quark and antiquark polarization [2, 3] .
The remainder of the spin of the proton must be due to gluon spin and/or partonic orbital angular momentum (OAM). It is known that the proton anomalous magnetic moment requires orbital angular momentum of the quarks, although the combined orbital angular momentum of all flavors may be close to zero (see e.g. [4, 5] ). Recent measurements of ∆G, the gluon spin contribution to the proton, are still statistically limited but have excluded large values of gluon polarization [6, 7, 8] , and the most recent global study indicates nearly vanishing gluon polarization in the presently accessible x range, together with a small quark polarization [9] . Forthcoming data from the Relativistic Heavy Ion Collider (RHIC) should place tighter constraints on ∆G and shed new light on the spin puzzle. Meanwhile, progress in the quark and gluon helicity distributions has served to help fuel the increasing interest in orbital angular momentum that began in * Deceased † PHENIX Spokesperson: jacak@skipper.physics.sunysb.edu the 1990s.
It is important to note that while the total spin of the proton as 1 2h is well defined, there is no unique way to describe the decomposition of the angular momentum among the interacting partons within a nucleon (see e.g. [10] ). Thus discussions of partonic orbital angular momentum in the proton typically involve a number of subtleties, despite the relatively intuitive nature of the concept. Two decompositions of nucleon angular momentum that have become standard are that of Jaffe and Manohar [11] and that of Ji [12] . While at present no quantitative method is known to probe experimentally the partonic OAM of the Jaffe-Manohar decomposition, in Ji's paper he proposes the experimental technique of deeply-virtual Compton scattering to access quark OAM via Generalized Parton Distributions (GPDs). Several groups have already pursued this experimentally challenging path [13, 14, 15, 16, 17] . Initial measurements of hard exclusive leptoproduction of vector mesons, another means of accessing GPDs, have also been performed [18, 19] . Within the Ji decomposition, results for the OAM of up and down quarks have become available from lattice quantum chromodynamics (QCD) calculations [20] . These lattice QCD results suggest that the orbital angular momentum for u and d quarks separately is quite substantial, but that these contributions largely cancel in the proton.
Another approach to studying the transverse motion of quarks and gluons within the nucleon is through transverse-momentum-dependent parton distribution functions (TMDs). The first attempt to use a TMD to describe the large transverse single-spin asym-metries (SSAs) observed in polarized hadronic collisions was made by Sivers in a 1990 paper [21] , and the various TMDs contributing to the leading-order polarized semi-inclusive deep-inelastic scattering (DIS) cross section were laid out by Mulders and Tangerman in 1996 [22] . Progress was made in both experiment and theory throughout the decade, but it was only after some key theoretical developments in 2002-03 [23, 24, 25] that an ongoing period of intense theoretical and experimental activity regarding TMDs began. It should be noted that thus far, no model-independent quantitative relationship between TMDs and parton orbital angular momentum has been derived [26, 27] , and it is not clear at present if the OAM to which TMDs could provide sensitivity would fit within either the Jaffe-Manohar or Ji decomposition of nucleon angular momentum.
While the majority of work related to investigating OAM of the partons within the nucleon has taken place since the 1990s, an early theoretical discussion of orbital angular momentum inside hadrons was published by Chou and Yang in 1976 [28] , describing the "hadronic matter current" inside a polarized hadron. After the EMC result [1] , Meng et al. [29] built upon these semiclassical ideas and proposed two experiments to access rotating constituents in the nucleon, one in semi-inclusive deep inelastic scattering of unpolarized leptons on transversely polarized protons, and the second in the measurement of the net transverse momentum of Drell-Yan pairs in collisions of longitudinally polarized protons. The latter lays the theoretical basis for this analysis: if the transverse momentum of the partons in the initial state is correlated with the (longitudinal) spin direction, then hard collisions involving these circulating partons will lead to final states with a net transverse momentum p T with magnitude dependent upon the relative orientation of the spin directions and the impact parameter of the collision, as can be seen in Fig. 1 .
For a particular helicity combination, e.g., positive on positive, the transverse momenta of the rotating partons add for peripheral collisions and give a net transverse momentum to the lepton pair (in the case of Drell-Yan). For small-impact-parameter collisions in the like-helicity combination, the helicity-correlated transverse momenta of the partons mostly cancel. In the other helicity combination (unlike-sign), the opposite effect is seen, i.e., peripheral collisions give a small net transverse momentum, while small-impact-parameter collisions give a larger net transverse momentum.
The correlation of the parton transverse momentum with the orbital angular momentum is expected to depend on the spatial position of the parton in the proton. However, experimentally there is currently no technique for determining the impact parameter of an inelastic p+p collision, and more specifically the spatial location of the parton-parton hard scattering within that geometry. Despite this limitation, in [29] , with a rather simple picture of the transverse spatial distribution (homogeneous sphere) and momentum distribution (rotational momen- A positive correlation between parton transverse momentum and proton spin has been assumed. For a like-sign helicity combination (positive on positive, left panels), the transverse momenta of the rotating partons add for peripheral collisions (top left) and result in a net transverse momentum of the lepton pair (in the case of DrellYan) and mostly cancel for small-impact-parameter collisions (bottom left). In the other helicity combination (unlike-sign), the opposite effect is seen, i.e., peripheral collisions lead to cancellations of the transverse momentum (top right), while small-impact-parameter collisions give a larger net transverse momentum (bottom right).
tum, k φ , independent of position inside the proton), it was found that approximately half of the maximum effect ( p 2 T max = 4k 2 φ , when the vector transverse momenta are exactly aligned) remains after integrating over the impact parameter. This result is based on a semi-classical model, with the assumption that all interacting partons have the same rotational momentum. As in the case of TMDs, there is at present no well-defined relationship between the partonic OAM to which this method could provide sensitivity and either the Jaffe-Manohar or Ji decomposition of nucleon angular momentum. However, it is interesting to note that unlike effects due to the Sivers TMD [23] , in the semi-classical model in which the current analysis is framed, the effect discussed below does not require an initial-or final-state interaction to generate a non-zero effect.
II. DRELL-YAN VS. JET kT
Here, we propose to probe the spin-correlated transverse momentum of partons within longitudinally polarized protons involved in hard collisions leading to jet-like events at the PHENIX experiment at RHIC. However, in PHENIX, due to our limited acceptance (in the central region, ∆φ = π 2 × 2 and |η| < 0.35 [30] ), we do not reconstruct the true jet kinematics to access the jet transverse momentum. An alternative method has been developed [31] that examines the dihadron azimuthal angle correlation to extract the average parton transverse momentum, k 2 T , on a statistical basis for two subsets of the data, like-helicity collisions and unlike-helicity collisions, which can then be compared as a measure of the helicity dependence of the net interacting parton transverse motion.
Since, in contrast with the Drell-Yan experiment proposed in [29] , we deal here with hadronic final states, there could in principle be spin-dependent contributions to the measured k 2 T which are not related to the initial partonic transverse momentum. The measured dihadron transverse momentum, p 
where the superscripts I, S and H denote intrinsic, soft (one or several soft gluons emitted) and hard (NLO) contributions respectively, one might attempt to understand the helicity dependence of each term. The conclusion of [29] is that the difference in the intrinsic contribution to the mean square parton transverse momentum between positive-and negative-helicity protons, ∆ k 2 T I , could be non-zero, since, with a net orbital angular momentum, there would be a non-zero helicity difference in the vector-summed k T of the initial partons. ∆ k 2 T H could also be non-zero, e.g., given a helicity dependence of three-jet events. This contribution is theoretically calculable in perturbative QCD, and experimentally, contributions from a hard component should be accessible by measuring and comparing the spin-dependent k T difference for several center-of-mass energies. As in QED [32] , soft radiation in QCD is independent of the polarization of the emitting particle, so the k
, it is important to note that any possible spin dependence of j 2 T can be measured directly in this analysis.
The relationship of a measured k 2 T difference to a partonic orbital angular momentum is non-trivial. One can attempt to relate the spin-correlated parton transverse momentum to this difference:
where the sums are over all partons in the colliding protons, c ij is the probability of an interaction of the i th and j th partons leading to the final state, W ij is the (unknown) impact parameter weighting for the interaction, and k i T and k j T are the two-dimensional partonic transverse momenta. In the case with no spin-dependent transverse momentum (no orbital angular momentum), the difference between the ++ (like-helicity) and the +− (unlike-helicity) terms vanishes. The c ij can be calculated from parton distribution functions, whereas the W ij may be estimated from simulations, given a model for the impact-parameter-dependent parton distributions.
It is evident from Eq. 2 that the mixture of initialstate partons leading to a π 0 − h ± final state will have an impact on the interpretation of the data. In the central arms of PHENIX, where π 0 − h ± correlations are measured, pythia [33] simulations show that ∼ 50% of the events leading to π 0 − h ± events are g − g in the initial state at π 0 transverse momenta below 4 GeV/c (from 4-7 GeV/c the fraction is ∼ 40% ), g − q initial states making the majority of the remainder. Only a small fraction of the events are like-flavored q − q in the initial state.
It is instructive to examine what happens if the sign of the orbital angular momentum is different for different flavors. When two partons with the same sign OAM interact in a peripheral p + p collision, then the transverse momentum adds constructively as in the top left panel of Fig. 1 , regardless of the sign of the OAM. However, if the two interacting partons have opposite sign OAM, then the result would be as in the right side of Fig. 1 . Therefore, an equal mixture of parton interactions with like-sign OAM with unlike-sign OAM would result in a zero proton-helicity difference in the RMS transverse momenta. On the other hand, if partons of a certain flavor carry no OAM, then interactions involving that flavor would contribute nothing to the effect in either helicity case, and only act as a dilution to the overall transverse momentum difference.
Given the dominance of gluon scattering for the kinematics of this measurement, then, the results could be qualitatively interpreted (within the semi-classical model presented) as due to a diluted contribution of the gluon orbital angular momentum to the partonic k T . A more quantitative interpretation would require a model for the OAM dependence on flavor and kinematics, together with a process and experimental simulation. The azimuthal correlation function is obtained by measuring the distribution of the azimuthal (around the beam axis) angle difference, ∆φ = φ t − φ a , between a π 0 (triggered particle) and a charged hadron (associated particle). The data is analyzed in eight bins of π 0 transverse momentum from 2.0 GeV/c < p T t < 10.0 GeV/c, and the associated charged hadron transverse momentum p h ± T ≡ p T a bin is selected to be within 2.0 GeV/c < p T a < 5.0 GeV/c throughout this analysis. Whenever a π 0 is found in the event, the real (dN real /d∆φ) and mixed (dN mix /d∆φ) distributions are accumulated. The mixed event distribution is applied as a correction factor to account for the limited PHENIX acceptance. Mixed events are obtained by pairing a π 0 taken from a dihadron event with many charged hadrons taken from different events, randomly selected from a minimum bias data set (no high-p T photon required) without regard to helicity. The mixed event distribution is kept the same for both helicity combinations. Figure 2 shows the real and mixed event distributions for 3.5 GeV/c < p T t (π 0 ) < 4.5 GeV/c.
The fragmentation transverse momentum j 2 T and the partonic transverse momentum k 2 T are related to the widths of the two peaks in the correlation function; around ∆φ = 0 degrees to obtain σ near , and around ∆φ = 180 degrees to obtain p 2 out (the RMS transverse momentum of the charged hadrons with respect to the π 0 's). The raw dN real /d∆φ distribution is fit with the following function to obtain σ near (based on a nearside Gaussian) and p 2 out (based on a more complicated away-side functional form, as derived in [31] ):
where
To calculate j 2 T and k 2 T from the σ near and p 2 out values obtained from the fit, the following formulae from [31] are used:
where x h ≡ p T a /p T t ,x h is the analogous ratio of the partonic transverse momenta, z t is the ratio of hadronic to partonic transverse momentum for the trigger π 0 , and Figure 3 and Table I show the derived values of z t and x h , which were determined through an iterative process using a combined analysis of the measured π 0 inclusive and associated spectra using jet fragmentation functions from LEP e + e − measurements [35, 36] , as in [31] . The central values were calculated assuming an equal fraction of quark and gluon jets, while the systematic uncertainties on z t andx h are estimated by taking the RMS spread of the g − g, q − q and equal fraction initial-state calculations.
IV. RESULTS
Fits of the dN real /d∆φ distributions were done in three ways: 1) all data taken together (summed over spin direction), 2) data separated into events from like-helicity and unlike-helicity collisions, and 3) the data set randomly separated into two sets of approximately equal number of events with the like-helicity and unlike-helicity collision type assigned randomly. The first is done as an update to our previously published results from 2003 data [31] with higher statistics, but with a slightly different associated charged hadron transverse momentum range, and to set the baseline for the partonic transverse momentum. The second is the measurement of interest, i.e., the difference in the net two-parton transverse momentum in like-versus unlike-helicity collisions. The results of this measurement are to be compared to the model result of [29] . The final fitting of the randomly assigned helicity combinations is done as a measure of the statistical accuracy of the fitting results, as explained below.
A. Helicity-Averaged k The uncertainties on the fit parameters do not scale with statistics across the transverse momentum bins, as the uncertainty on the extraction of the width of a Gaussian distribution which is superimposed on a constant background does not scale with the statistics alone, but also depends upon the width of the Gaussian. Since the width of the peaks depends upon the p T t bin, the uncertainties do not scale with the statistics in each bin. Final statistical uncertainties on the fit parameters are determined by a statistical technique discussed below.
The helicity-averaged j 2 T and k 2 T results for the combined running periods are shown in Table III and in Fig. 4 , where they are also compared to the previous results [31] . Note in Fig. 4 that the associated charged hadron transverse momentum bin is somewhat higher in the current analysis, but when checked by lowering the lower limit on p T a , the two results are consistent. The process of extracting j 2 T and k 2 T was repeated using the two subsets of the data corresponding to collisions involving like-and unlike-helicity protons at the PHENIX collision area. Since any spin-dependent effects should scale with the polarization of each beam, all helicity differences are scaled by 1 PB PY , where P B and P Y are the run-averaged beam polarizations for the two colliding beams, "blue" and "yellow" respectively, and are P B = 0.50 and P Y = 0.49 in 2005, and P B = 0.56 and P Y = 0.57 in 2006. Uncertainties on the polarizations were propagated together for the two data sets, resulting in a 4.8% scale uncertainty in the spin-dependent differences.
The helicity-dependent differences for T difference is observed in any p T t bin, and if we assume no p T t dependence and take the average over the p T t bins, then the average value of the difference in the fragmentation transverse momentum is ∆ j 2 T = −3 ± 8 stat ± 5 syst MeV/c, consistent with zero.
As discussed earlier, there is no quantitative expectation in the difference in ∆ k 2 T , but any non-zero measurement can be attributed to a convolution of initial and hard scattering effects. Since no p T t dependence is 
T and the helicity-sorted differences. First errors are statistical, second are systematic. Statistical and systematic errors are determined as described in the text. expected in the model, and the data are consistent with a flat distribution, the difference is averaged over p T t to get ∆ k 2 T = −37 ± 88 stat ± 14 syst MeV/c, consistent with zero.
C. Discussion of Uncertainties
To check for possible systematic errors due to spinrelated beam properties or efficiencies, the beam polarization signs were randomly chosen for each event with an equal probability, the ∆φ distributions were obtained for the two false helicity combinations, and the fit parameters extracted. This process was repeated many times, giving distributions of the fit parameters that were well fitted with normal distributions. The widths of the fitparameter distributions for the two false-helicity combinations are then related to the statistical fluctuations of the fit parameters. Comparison of these widths with the errors returned from the fit indicated that the errors on the fit parameters were too small by a maximum of ∼ 15%, especially for p out at the larger p T t bins.
In order to investigate this non-statistical nature of the fit parameter errors, a Monte Carlo simulation was employed. Randomly created distributions based on the shapes of the real data azimuthal distributions as a function of p T t were fitted, extracting the fit parameters and errors. This could then be repeated many times, after which the widths of the normal distributions of the extracted fit parameters were compared to the fit errors.
The exact same trend as a function of p T t was seen in the Monte Carlo -the fit parameter errors were underestimated at the larger values of p T t by ∼ 15%. Since the Monte Carlo is purely statistical, these results reflect the true measure of the statistical uncertainty of the fit parameters. The statistical uncertainties presented for the data are thus those obtained from the spin-randomization procedure described above.
The dominant systematic uncertainties were determined from the uncertainties inx h and z t . Additionally, the distribution of fit parameter values for different mixed-event distributions was fitted with a normal distribution, the width of which was a measure of the systematic uncertainty of the fit parameters due to the detector acceptance correction process.
V. DISCUSSION
The smallness of ∆ j 2 T confirms the expectation that transverse momentum effects in the fragmentation should not be large in processes with a longitudinally polarized initial state and thus simplifies the interpretation of ∆ k 2 T . Comparing our measured value of ∆ k 2 T to the calculation of [29] ,
yields:
approximately an order of magnitude less than the parton intrinsic transverse momentum associated with the uncertainty limit. Assuming all contributions to this difference come from intrinsic parton motion, and taken together with the expected level of contribution from the g−g channel and our model assumptions, this could qualitatively suggest a small gluon orbital angular momentum in a longitudinally polarized proton, integrated over our kinematic region. A more direct connection between this measurement and partonic OAM is complicated by the subprocess contributions and unknown impact parameter and transverse position space weighting of the partons. In addition, further theoretical work is needed to place the model of [29] within a rigorous QCD framework. We hope that the measurement presented here will serve to encourage the theory community to pursue this task. As discussed in Section I, since the 1990s there has been intense interest in partonic OAM, or more generally, in the non-collinear motion of partons within the nucleon, and there are several approaches currently being used to attempt to increase our understanding of the role that this partonic motion plays in nucleon structure, not all of which can be directly related to one another.
The measurement presented here, inspired by the proposal in [29] for Drell-Yan production in longitudinally polarized p+p collisions, but utilizing a dihadron correlation technique, represents a novel experimental approach to probing partonic OAM.
A dijet correlation technique in single-transversely polarized p + p collisions has already been used at RHIC to probe the Sivers TMD [37] , following a proposal in [38] . The current measurement has the potential to probe partonic OAM in a longitudinally rather than transversely polarized proton. Dijet and dihadron correlation measurements in (polarized) p + p collisions provide an important tool to investigate the non-collinear motion of partons within the (polarized) nucleon, and ideas for expanding on the existing techniques would be most welcome.
VI. SUMMARY
In conclusion, j 2 T and k 2 T have been extracted from dihadron azimuthal angular correlations in longitudinally polarized p + p collisions at √ s = 200 GeV. The helicity differences for both quantities are consistent with zero when averaged over the π 0 transverse momentum range accessible, with a magnitude less than 5% of the corresponding spin-averaged quantities. Comparison to a similar measurement that can be performed on longitudinally polarized p+p collisions at √ s= 500 GeV is expected to provide additional information regarding hard vs. intrinsic contributions to the measured ∆ k 2 T . The PHENIX collaboration collected such a data set in early 2009. Future data at RHIC will increase the statistical significance, and upcoming PHENIX upgrades will allow measurements in different kinematic regimes, changing the partonic mix probed. In the longer-term future, the accumulation of large luminosities for polarized p + p collisions at RHIC should also make possible a Drell-Yan measurement, as originally proposed in [29] . 
